Background {#Sec1}
==========

Salinity is an important environmental factor that significantly affects the physiology of marine fish, influencing their reproduction, survival and distribution \[[@CR1]\]. The majority of teleost fish can only endure limited salinity fluctuations after long-term acclimation and, hence, are restricted in their ability to move between different environments \[[@CR2]--[@CR4]\]. Euryhaline fish offer valuable sources for studying osmoregulation as they frequently move from high- to low-salinity areas and must rapidly adapt to such conditions. Thus, these fish present a unique opportunity to study physiological responses in osmoregulatory organs under different salinities. *Scatophagus argus* is a euryhaline fish distributed widely throughout coastal and estuarine habitats in the Indian-Pacific Ocean \[[@CR5], [@CR6]\]. Shallow coastal and estuarine waters are characterized by a wide range of salinity fluctuations. Adaptation to this type of environmental variability is primarily achieved via osmoregulation, which is a common trait found in marine animals living in habitats with fluctuating salinity \[[@CR7]\]. Previous studies have shown no evidence of abnormal activity or mortality in *S. argus* after abrupt osmoregulatory shock \[[@CR8]--[@CR10]\], implying *S. argus* possesses highly effective osmoregulatory mechanisms that prevent negative effects produced by salinity fluctuations.

Fish in hypersaline water excrete ions through the gill and kidney, and absorb water through the intestine to prevent dehydration. However, in hyposaline water, fish actively ingest ions through their gills to compensate for ion loss and produce dilute urine via reabsorption to protect against passive ion loss, primarily sodium ion (Na^+^) loss, in the kidney \[[@CR11]--[@CR13]\]. Na^+^/K^+^-ATPase (NKA), as an ion-transporting enzyme, is mainly responsible for pumping 3 Na^+^ ions out of the renal proximal tubule cell across the basolateral membrane while pumping two potassium (K^+^) ions into the cell in every pump cycle \[[@CR14], [@CR15]\].

The gill and kidney are intricately involved in regulation of ion balance because they are composed of numerous ion channels, pumps and exchangers \[[@CR16]\]. However, previous salinity adaptation studies were focused primarily on the gill, and little is known about renal osmoregulation in fish. In mammals, the kidney participates in maintaining body fluid homeostasis, electrolyte concentrations and extracellular fluid volume \[[@CR17]\]. The kidney performs homeostatic functions both independently and in concert with other organs, particularly under the control of the [endocrine system](https://en.wikipedia.org/wiki/Endocrine_system) via paracrine and autocrine pathways \[[@CR18]\]. Dopamine, a catecholamine hormone, can be synthesized and secreted in the kidney apart from as a neurotransmitter in the brain \[[@CR19]--[@CR22]\]. Renal dopamine directly inhibits Na^+^ transporters to affect Na^+^ excretion and resorption in the kidney \[[@CR19]\]. Activation of the renal dopamine system accounts for at least 50% of Na^+^ excretion during salt loading \[[@CR23]\]. By contrast, when sodium intake is low, the ability of renal endogenous dopamine to inhibit Na^+^ transport is abolished. This phenomenon is attributable to the overriding effects of the renin-angiotensin-aldosterone system for salt-conserving mechanisms \[[@CR24]\].

Thus far, osmoregulatory studies concerning renal functions in fish are based on findings in mammals. Therefore, relative studies are desperately needed for fish. Among marine fish, adaptation to salinity changes in the kidney is a complex process that requires coordinated activities by numerous osmosensing, signal-transducing, effector and cell-signaling molecules \[[@CR25]\]. Marine fish can recognize and respond to salinity variation by altering the expression of genes specifically required for osmoregulation. Osmoregulatory studies at the transcriptomic level can provide new insights into the adaptive responses to salinity changes \[[@CR26]--[@CR28]\]. Previous studies concerning the osmoregulatory mechanisms of fish only involved one or several genes. To better understand the biological processes underlying salinity adaptation in euryhaline fishes such as *S. argus*, exploration of the roles of potential genes and pathways related to osmoregulation based on the comprehensive analysis of transcriptomic profiles, particularly involving endocrine functions, is desperately needed.

In this study, high-throughput RNA sequencing (RNA-Seq) was employed to investigate the renal transcriptome profile of *S. argus* with the goal of identifying osmoregulatory genes in the kidney. The primary goals of this study were as follows: (1) utilize an Illumina paired-end RNA-Seq approach to sequence and de novo assemble the renal transcriptome of *S. argus* after exposure to different salinities, (2) identify candidate functional genes or pathways related to renal osmoregulation and (3) validate the functions of candidate genes involved during salinity tolerance in the endocrine system using in vivo and in vitro molecular and cellular techniques.

Methods {#Sec2}
=======

Collection, maintenance and treatment of fish and sampling procedure {#Sec3}
--------------------------------------------------------------------

*S. argus* (21.3 ± 4.6 g) fish were collected from the sea near Zhuhai (\~ 25‰ salinity), Guangdong Province, China. Fish were reared for 4 weeks in the tank (1.0 m × 1.0 m × 1.0 m) containing 25‰ seawater (SW). The water temperature was maintained at 27 ± 1 °C. For long-term salinity stress experiments, fish were randomly assigned to one of the following three groups: a hyposaline acclimation (0‰ freshwater \[FW\]) group (FW; *n* = 15), hypersaline water acclimation (50‰ SW) group (HW, *n* = 15) and control group (25‰ SW, *n* = 15). Fish from the FW and HW groups were transferred from the 25‰ SW tank to FW and 50‰ SW tanks, respectively, where they remained for another 4 weeks. Simultaneously, fish from the control group were transferred from their original 25‰ SW tank to a new SW tank with the same salinity. After 4 weeks, fish were anaesthetized with a bath of 50 mg/L Tricaine methane sulfonate (MS-222, Sigma-Aldrich, St. Louis, MO, USA) and then euthanized by a sharp blow to the head. Fifteen fish in each group were divided into three sets. Each set (five fish) represented one biological replicate. Plasma samples were harvested and kept at 4 °C overnight. Serum was separated from blood cells by centrifugation (4200 g, 10 min) and assayed to determine the dopamine concentration. Fresh kidney tissues from each set were sampled, frozen in liquid nitrogen immediately and then stored at − 80 °C until needed. Animal welfare and experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006) and were approved by the Animal Ethics Committee of Shenzhen University (Reference No. 2014--162).

RNA extraction and RNA-Seq library preparation {#Sec4}
----------------------------------------------

Total RNA was extracted using TRIzol Reagent (Invitrogen, USA) following the manufacturer's instructions. RNA was treated with DNase I (Invitrogen, USA) and quantified using a Qubit RNA Assay Kit and Qubit™ 4 Fluorometer (Invitrogen, USA). RNA samples (4 μg) were employed to construct an RNA-Seq library using a NEBNext® Ultra™ RNA Library Prep Kit for Illumina (NEB, USA). The indexed libraries were pooled and sequenced on HiSeq™ 2500 sequencing platform (Illumina, USA) to generate 150-bp paired-end reads.

Transcriptome sequencing and annotation of transcripts {#Sec5}
------------------------------------------------------

Raw reads from all three groups were combined and quality-filtered using the Trimmomatic read trimming tool \[[@CR29]\]. Reads containing 3′- or 5′-ends with an average quality score of less than 20 in a 4-bp sliding window were trimmed, and reads with an average quality score of less than 10 at the beginning or end were also removed. Any reads shorter than 120 bp were excluded from further assembly. All clean reads were used for reference transcriptome assembly, which was based on Trinity version 2015-09-24 in paired-end mode \[[@CR30]\]. To remove any misassembled transcripts, raw sequence reads were mapped to the assembled reference transcriptome using Bowtie 1.1.2 (<http://bowtie-bio.sourceforge.net/index.shtml>) \[[@CR31]\]. Transcript abundance was estimated using RSEM software \[[@CR32]\], fragments per kilobase per transcript per million mapped reads (FPKM) values were calculated, and transcripts with an FPKM \< 1 were removed. To identify transcriptomic differences among the three salinity stress groups (0‰, 25‰ and 50‰), three de novo assembled transcriptomes were assessed using Trinity software (<https://github.com/trinityrnaseq/trinityrnaseq/wiki>). To investigate the accuracy of the assembled transcriptomes, raw reads were mapped to the assembled transcriptomes using Bwa-0.7.9a with the BWA-MEM algorithm, and mapping statistics were calculated using SAMtools 0.1.19 (<http://samtools.sourceforge.net/samtools.shtml>) with the SAMtools flagstat command \[[@CR33], [@CR34]\]. To test the saturation level of the assembled transcriptome, 20, 40, 60, 80 and 100 million reads were randomly selected from the raw reads and assembled using Trinity software. Subsequently, the number of transcripts was counted, and a FPKM cutoff value ≥1 was used. The assembled transcripts were annotated using NCBI-BLAST 2.2.30 \[[@CR35]\] against the datasets of non-redundant protein sequences (NR) in the National Center for Biotechnology Information (NCBI; <http://www.ncbi.nlm.nih.gov>) and the manually annotated and reviewed protein sequence database (SWISS-PROT database; <http://www.ebi.ac.uk/swissprot/>) using a cutoff *E*-value threshold (\< 1e-6). The BLAST results were extended to the Functional classifications of Gene Ontology (GO; <http://www.geneontology.org/>), Clusters of Orthologous Groups of proteins (KOG/COG; <http://www.ncbi.nlm.nih.gov/COG>) and Pathway Annotation of the Kyoto Encyclopedia of Genes and Genomes (KEGG; <http://www.genome.jp/kegg/pathway.html>). GO annotation was performed using Blast2GO \[[@CR36]\]. The statistical enrichment of unigenes in KEGG pathways was tested using KOBAS software \[[@CR37]\].

Differential expression analysis and functional enrichment analysis {#Sec6}
-------------------------------------------------------------------

The filtered transcriptome generated via de novo assembly was used as a reference transcriptome for RNA-Seq expression analysis. Raw reads generated from each sample were mapped to the reference transcriptome, and the relative expression level of each unigene was determined using FPKM values calculated using RSEM software \[[@CR32]\]. The resulting data matrix, which contained the expression values (FPKM) for the samples from all three salinity acclimation groups, was generated by the "rsem-generate-data-matrix" script. This data matrix was imported into edgeR 2.14 \[[@CR38]\] to identify differentially expressed genes (DEGs) with a false discovery rate (FDR) of *p* \< 0.001. The FPKM values of the DEGs were normalized by log2 transformation and median centered. Hierarchical cluster analysis was performed based on Euclidean distance using a Trinity Perl script \[[@CR30]\]. Genes with an adjusted *p*-value \< 0.001 and log~2~\|fold-change\| ≥ 1 were considered significant. GO and KEGG enrichment analysis were performed to identify the biological functions of DEGs. The transcriptomic analysis workflow used in the present study is shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1General transcriptomic analysis workflow used in the present study. 0‰ = 0 mOsm/L, 25‰ = 670 mOsm/L, and 50‰ = 1420 mOsm/L. The image of *S. argus* was taken by ourselves

cDNA preparation and RT-qPCR validation {#Sec7}
---------------------------------------

The total RNA of each sample was extracted using TRIzol Reagent (Invitrogen, USA). RNA integrity was determined using agarose gel electrophoresis and quantified using a Nanodrop-2000 spectrophotometer (Thermo Scientific, USA). Only RNA samples with an A~260~/A~280~ ratio in the range of 1.8 to 2.0 were employed. Complimentary DNA (cDNA) was synthesized via the reverse transcription (RT) of 1 μg of total RNA with oligo (dT) primers using a PrimeScript RT Reagent Kit with gDNA Eraser (Takara, Japan) and then stored at − 20 °C.

Subsequently, RNA samples were re-analyzed using quantitative PCR (qPCR) to validate the RNA-Seq results. The analysis focused on genes related to dopamine transport. Primer 3 (<http://bioinfo.ut.ee/primer3-0.4.0/primer3/input.htm>) was used to design gene-specific primers according to the assembled transcriptome sequences. The *β-actin* gene was used as an internal control to normalize the expression value of the target transcript based on the variation in cDNA abundance, as reported previously \[[@CR39]\]. Reactions were performed in triplicate for each sample using SYBR Premix Ex Taq II (Takara, Japan) and an ABI Prism 7500 sequence analysis system (Applied Biosystems, USA). The fluorescence intensities of the gene products of the control and treatment groups, as measured by cycle threshold (Ct) values, were compared and converted to fold-differences by relative quantification using the Relative Expression Software Tool 384 v.1 (REST) \[[@CR40]\]. The reaction mixture contained 5 μL of SYBR Premix Ex TaqTM II (2×), 0.2 μL of ROX Reference Dye II (50×), 3.4 μL of ddH~2~O, 0.2 μL of forward and reverse primers (10 μM each) and 1 μL of cDNA. The reaction was performed under the following conditions: 34 s at 95 °C; 40 cycles of 5 s at 95 °C and 30 s at 60 °C; 15 s at 95 °C; 1 min at 60 °C; and 15 s at 95 °C (final dissociation). The data were collected at 60 °C. The RT-qPCR primer sequences used in this study are listed in Table [1](#Tab1){ref-type="table"}. To verify the primer specificities, the amplified products of all primers were sequenced (Sangon, China).Table 1Primers used in RT-qPCRGenePrimer sequence (5′-3′)Amplicon size (bp)*CaMKIIα*F: TCCCTGAACCTCTATGGCGA111R: ATGGGGGTGGTACACAGAGA*dnm*F: CACAAAGCGGGGAGAGGTAA149R: CTGGCTTTTGTGGCAGGTTG*pkcβ*F: TCGCACTGTGGTTCACATCA175R: GCAAGCAAGCAGCAGAGATG*akt1*F: GCAGCACAGCATCAAGAGAG207R: TGCCAGACATGCAAAGAATGC*dat*F: GCTTATTGAAGCCATCGGCA138R: AACAGGAGGAAGCAGGGACT*lrrk2*F: AACCTCTGGTGCTCGGAAAC171R: TACAGACTACGGCATCGCTC*ace*F: CATCCACTATGCTCCCTGCC168R: CGCAGCAATATTTCCAGCCC*apn*F: TTGGACAGGGCTATGGTTCC82R: TCCCCTGTTTTGATGAGCCA*pink1*F: CGGCGAACATTTCCCTCTGT193R: TCCACAGAAAAGCGGAGCAC*nka α1*F: AGCTGAAAGACATGACCGCA183R: TGTCAGCCTTCTTCAGAGCG*β*-*actin*F: CTGTGCTGTCCCTGTATG151R: TAGTCTGTGAGGTCACGG(*CaMKIIα* calcium/calmodulin-dependent protein kinase II alpha, *dnm* dynamin, *pkcβ* protein kinase C beta, *akt1* RAC-alpha serine/threonine-protein kinase, *dat* dopamine transporter, *lrrk2* leucine-rich repeat kinase 2, *ace* angiotensin-converting enzyme, *apn* aminopeptidase N, *pink1* PTEN-induced putative kinase 1, *nkaα1* Na^+^/K^+^-ATPase subunit alpha 1, *F* forward, *R* reverse)

Each reaction had a single peak in the melt curve that corresponded to a single product. The amplification efficiencies of both the target and reference genes ranged from 99.6 to 100.3%. The relative transcript levels of different genes were determined by subtracting the cycle threshold (Ct) of *β-actin*, which was utilized as a calibrator or internal control, using the following formula: ΔCt = Ct (sample) - Ct (calibrator). All data were analyzed by the 2^-ΔΔCt^ method as described in Mu et al. \[[@CR9]\]. Relative transcript expression values were presented as a fold-change relative to the expression value of the control group (25‰).

Primary kidney cell culture {#Sec8}
---------------------------

Kidney tissue was obtained for primary cell culture from a healthy 25‰ SW-acclimated *S. argus* fish as described in Lakra et al. \[[@CR41]\]. In brief, harvested kidney tissue was saturated with L-15 cell culture medium containing antibiotics (1000 U penicillin and 1000 U streptomycin). Subsequently, the kidney tissue was minced thoroughly with scissors and transferred to 25 cm^2^ cell culture flasks containing 8 mL of growth medium with 20% fetal bovine serum (FBS). The primary cells were incubated at 28 °C, and one-half of the medium was changed every 3 days for 2 weeks. When the migrating cells formed a complete monolayer, the cells were trypsinized with a 0.25%-trypsin solution and transferred into a fresh T25 flask with fresh medium containing only 10% FBS. The cell cultures were then maintained at 28 °C.

For osmotic stress experiments, primary cells were subjected to hypoosmotic (100 mOsmol/L) and hyperosmotic (600 mOsmol/L) media, whereas control cultures were exposed to fresh isosmotic medium (300 mOsmol/L). The culture media and cells were collected 24 h after salinity challenge.

Determination of dopamine concentration {#Sec9}
---------------------------------------

The dopamine concentrations in serum and culture media were measured using the Dopamine ELISA Kit specific for fish (Cusabio, China, <https://www.cusabio.com/>) according to the manufacturer's instructions. The 96-well microtiter plate provided in this kit was pre-coated with anti-dopamine monoclonal antibody, and no signification cross-reactivity or interference between dopamine and its analogs was observed. The precision of the assay was determined by the repeated measurement of control or experiment samples. Both positive and negative controls (phosphate buffer solution (PBS)-only and blank, respectively) were analyzed in this assay. After all reactions, the optical density of each well was measured at 450 nm within 10 min of reaction termination using a Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek, USA). The dopamine concentration of each sample was determined according to a standard curve.

Immunofluorescence and Western blot analysis of NKAα1 {#Sec10}
-----------------------------------------------------

The kidney tissue from a healthy 25‰ SW-acclimated *S. argus* fish was harvested to prepare kidney slices. The localization of NKAα1 was studied using immunofluorescence staining and was performed as follows. Briefly, sections were incubated in 5% skim milk for 1 h at 37 °C, incubated with primary antibody (1:400 dilution) in PBS containing 0.5% Triton X-100 (PBST) overnight at 4 °C, incubated with fluorescein isothiocyanate- (FITC-) conjugated secondary antibody (Abcam, UK) (1:1000 dilution) in PBST for 3--4 h at room temperature. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, 300 nM, Sigma-Aldrich, USA) in PBS for 5 min. Slices were visualized with a LSM510 confocal laser scanning microscope (Zeiss, Germany). Negative controls were incubated with normal rabbit serum.

The total protein of each kidney sample was extracted using a Protein Extraction Kit (Invent, USA), and the protein concentration was then determined using a BCA Protein Assay Kit (Merck, Germany). Total protein (75 μg) was separated on 12% sodium dodecyl sulfate- (SDS-) polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes. Following blocking in a 5%-skim milk/PBS solution (Bio-Rad, USA), membranes were incubated with anti- Na^+^/K^+^ ATPase alpha 1 antibody (Abcam, UK) (1:5000 dilution) in PBS overnight at 4 °C. Membranes were washed and incubated with horseradish peroxidase- (HRP-) conjugated secondary antibody (Abcam, UK) (1:5000 dilution) for 2 h at room temperature. Chemiluminescence was used to quantify secondary antibody conjugation using a Universal Hood II gel documentation system (Bio-Rad, USA).

Measurement of NKA activity {#Sec11}
---------------------------

Total protein from primary renal cells and kidney tissues was isolated and quantified using a BCA Protein Assay Kit (Merck, Germany). Subsequently, NKA activity was measured using a Sodium-Potassium-ATPase Kit (Jiancheng, China) according to the manufacturer's instructions. Activity was expressed in μmolPi/mgprot/h.

Determination of Na^+^ and K^+^ content in culture media via ion chromatography {#Sec12}
-------------------------------------------------------------------------------

Culture medium samples were diluted with deionized water (hypotonic medium, 1:60 dilution; isotonic medium, 1:180 dilution; hypertonic medium, 1:280 dilution) and filtered with Nalgene syringe filters (0.22 μm, Thermo Scientific, USA). Analyses were conducted using a Dionex™ ICS-1500 ion chromatography system (Thermo Scientific, USA) with an AS-DV automated sampler.

Statistical analyses {#Sec13}
--------------------

All data were analyzed for normality (Kolmogorov-Smirnov's test) and homoscedasticity of variance (Levene's test). Statistically significant differences between the treatment and control groups were determined using one-way analysis of variance (ANOVA), followed by Student's *t*-test with SigmaStat software (Systat Software, USA). *p* \< 0.05 was considered statistically significant (\* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001).

Results {#Sec14}
=======

De novo assembly and functional annotation {#Sec15}
------------------------------------------

Total RNA was isolated from an *S. argus* kidney subjected to different salinity acclimation conditions to produce a large-scale *S. argus* transcriptome. A total of 1,023,047,770 paired-end reads (150 bp each) were obtained. After removing low-quality reads, 575,312,926 clean reads remained and were used for de novo transcriptome assembly, resulting in 186,397 unigenes (\> 250 bp). By selecting transcripts with FPKM ≥ 1, 43,933 unigenes were determined as viable for downstream analysis. The N50 value of these unigenes was 3118 bp, with an average length of 2022 bp (Table [2](#Tab2){ref-type="table"}). The length distribution of these unigenes is shown in Additional file [1](#MOESM1){ref-type="media"}: Figure S1. The high quality of sequence reads and assembly was the foundation for all subsequent analyses. All generated sequence reads were deposited in the NCBI SRA database with the BioProject accession: PRJNA362802.Table 2Summary statistics of *S. argus* transcriptome. \*FPKM: fragments per kilobase per transcript per million mapped readsSequencingNumberBefore trimming Raw reads (pair-end)1,023,047,770After trimming Clean reads (pair-end)575,312,926 Total nucleotide (bp)7.22 × 10^10^After assemblyDe Novo assembledFiltered (FPKM\* ≥ 1) Transcripts186,39743,933 N50 length (bp)25213118 N90 length (bp)462978 Reads Mapped1.94 × 10^8^1.26 × 10^8^ GC content (%)43.2045.02 Min length (bp)224 Max length (bp)23,112 Average length (bp)12722022Annotation NCBI-NR14,259 SWISS-PROT8360 GO12,247 KEGG11,354 KOG3168

A total of 14,259 (32.5% of the total transcripts) and 8360 unigenes were functionally annotated by NCBI-BLAST searches against protein databases (NR and SWISS-PROT), respectively (Table [2](#Tab2){ref-type="table"}). The top five species for which information and unknown unigenes aligned were all fish and included *Larimichthys crocea* (47.50%), *Stegastes partitus* (16.45%), *Notothenia coriiceps* (7.51%), *Oreochromis niloticus* (5.74%) and *Oncorhynchus mykiss* (5.43%) (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). The sequences of assembled unigenes were also subjected to BLASTP searches against the KOG, GO and KEGG databases. The GO and KOG databases are primarily used to describe the functional classification of genes \[[@CR42], [@CR43]\]. To obtain a first assessment of the physiological processes occurring in the kidney during salinity stress, GO analysis and KOG functional classification were performed. A total of 12,247 unigenes were assigned to 67 sub-categories of GO terms belonging to the following three categories: 'biological process (BP)', 'cellular component (CC)' and 'molecular function (MF)' (Additional file [3](#MOESM3){ref-type="media"}: Figure S3). The most interesting sub-categories were related to 'hormone secretion' and 'channel regulator activity'. For KOG annotation, 12,083 unigenes mapped to the KOG database were clustered into 25 categories, which included the two primary categories of 'Intracellular trafficking, secretion, and vesicular transport' (813) and 'Inorganic ion transport and metabolism' (763) (Additional file [4](#MOESM4){ref-type="media"}: Figure S4). KEGG is a database resource for understanding high-level functions and utilities of genes in biological systems, particularly from large-scale datasets generated by RNA-Seq \[[@CR44]\]. To further elucidate the biological pathways involved in the reaction to salinity stress in the *S. argus* kidney, the unigene sequences were mapped using KEGG pathway tools. These results were used to classify 11,354 unigenes into 332 specific pathways (Table [2](#Tab2){ref-type="table"}). Similar to the GO analysis and KOG classification results, 'organismal systems' was the most important classification in the KEGG analysis, which contained the sub-classification categories of 'endocrine system', 'nervous system' and 'excretory system'. These annotations may provide a valuable resource for the further understanding of specific biological functions in the kidney of *S. argus* under salinity stress.

Analysis of DEGs for salinity tolerance in *S. argus* {#Sec16}
-----------------------------------------------------

In comparison with the control group, 19,012 DEGs (9956 up-regulated and 9056 down-regulated) were identified in the FW group. Of those DEGs, 1439 DEGs were significantly expressed in the kidney (*p* \< 0.001 and log~2~\|fold-change\| ≥ 1) (Fig. [2](#Fig2){ref-type="fig"}). Similarly, 36,253 DEGs were identified after comparing the control and HW groups: 7413 and 28,840 of those DEGs were up-regulated and down-regulated, respectively. In addition, 2367 DEGs were shown to be significantly expressed upon comparison of the control and HW groups (*p* \< 0.001 and log~2~\|fold-change\| ≥ 1). The results showed that the number of DEGs in the HW group was greater than that in the FW group. This finding suggests hypersaline stress causes greater changes in renal gene expression than FW stress, indicating elevated environmental salinity might have a significant impact on renal function in *S. argus*.Fig. 2Identification of differentially expressed unigenes displayed by FPKM in (A) Sample_0‰ vs. Sample_25‰ and (B) Sample_50‰ vs. Sample_25‰ using a log~10~ scale. The x-axis (Sample_25‰) and y-axis (Sample_0‰ and Sample_50‰) show the logarithmic value of the normalized expression level of each gene in FPKM (fragments per kb per million fragments)

To explore the potential functions of DEGs in the kidney, all DEGs were assigned to GO and KEGG databases. The significantly differently expressed GO terms (*p* \< 0.001) in the DEGs included the following: sodium/chloride symporter activity (GO:0015378), ion channel activity (GO:0005216), neurotransmitter secretion (GO:0007269), synaptic transmission involved in micturition (GO:0060084), regulation of ion transmembrane transport (GO:0034765) and synaptic vesicle (GO:0008021). GO enrichment analysis indicated hormone secretion and ion transport in the *S. argus* kidney were significantly influenced by exposure to fluctuating salinity levels. In various organisms, hormones are used to communicate between organs and tissues for physiological regulation, including regulation of ion balance. Dopamine can inhibit renal Na^+^ transporters, channels, and pumps, resulting in a decrease in tubular sodium reabsorption and eventually an increase in sodium excretion. The results of this study identified the GO terms related to the dopamine system (dopamine receptor activity coupled via Gi/Go, GO:0001591; response to amphetamine, GO:0001975) (*p* \< 0.001). Similar to the GO annotation results, 'endocrine system' is also the primary classification in the KEGG analysis, which contained 'renin-angiotensin system'. For 'nervous system' and 'excretory system', the 'synaptic vesicle cycle' and 'aldosterone-regulated sodium reabsorption' pathways were identified. Interestingly, the KEGG pathway enrichment analysis showed the 'Parkinson's disease' pathway related to dopamine dysfunction was significantly enriched for DEGs (Fig. [3](#Fig3){ref-type="fig"}). These results revealed the renal dopamine system might play an important role in osmoregulation.Fig. 3KEGG pathway classification for DEGs. Shaded bars represent KEGG pathway classification for DEGs upon comparison of the FW group (0‰) and control group (25‰). Non-shaded bars represent KEGG pathway classification for DEGs identified after comparison of the HW group (50‰) and control group (25‰)

RT-qPCR validation of candidate genes associated with dopamine transport {#Sec17}
------------------------------------------------------------------------

Dopamine signaling was dependent on the extracellular dopamine level, which was regulated by a dopamine release/reuptake mechanism. According to the functional annotation results, 10 genes involved in dopamine release/reuptake were selected from the DEGs with a log~2~\|fold-change\| ≥ 1 for RT-qPCR analysis (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Expression profiles of the nine DEGs associated with dopamine transport based on RNA-Seq (pink) and RT-qPCR (blue) analyses of changes in transcript expression following salinity acclimation. *β-actin* served as a reference gene. The results are presented as the mean ± standard error of the mean (SEM) with three replicates

The RT-qPCR results showed RAC-alpha serine/threonine-protein kinase (*akt1*), an inhibitor of dopamine transporter (DAT) internalization, was significantly up-regulated in the kidney after FW acclimation. In addition, a significant increase in angiotensin-converting enzyme (*ace*), which promotes dopamine release, was observed. These results suggest long-term hypoosmotic stress inhibits DAT internalization, which can directly promote dopamine reuptake, although ACE-induced dopamine release may be enhanced.

In the HW fish kidney, expression of the genes involved in dopamine reuptake (*dat*), DAT phosphorylation (calcium/calmodulin-dependent protein kinase II alpha, *CaMKIIα*; protein kinase C beta, *pkcβ*), DAT internalization (*akt1*) and vesicular traffic-mediated dopamine release (PTEN-induced putative kinase 1, *pink1*; leucine-rich repeat kinase 2, *lrrk2*; *ace*; aminopeptidase N, *apn*) was all significantly reduced. These results indicate phosphorylated DAT- and vesicular traffic-mediated dopamine release was weakened in the kidney of *S. argus* during chronic hypersaline stress, and the decreased expression of DAT fundamentally reduced the influx of extracellular dopamine.

Dopamine content in vivo and in vitro {#Sec18}
-------------------------------------

Changes in the expression of the genes mentioned in the previous section ultimately affect the secretion of dopamine. Therefore, the concentrations of dopamine in vivo and in vitro under different salinities were measured. During chronic acclimation to FW, dopamine concentrations in both serum and kidney tissues of *S. argus* remained relatively stable. Compared with the control group, significant increases (\**p* \< 0.05, \*\*\**p* \< 0.001) in the dopamine concentration were observed in the serum (from 0.21 ± 0.04 ng/ml to 0.39 ± 0.05 ng/ml) and kidney tissues (from 2.30 ± 0.13 ng/g to 4.39 ± 0.21 ng/g) of HW fish (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Changes in the dopamine concentration present in serum and kidney samples from *S. argus* fish acclimated to different salinities. Dopamine concentrations in the serum and kidney of 25‰ SW-reared *S. argus* were used as controls. \**p* \< 0.05; \*\*\**p* \< 0.001

The in vitro dopamine concentration in the culture medium (\[DA\]~o~) of primary renal cells exposed to hypoosmotic shock (100 mOsmol/L) decreased significantly (from 68.37 ± 6.87 pg/10^6^ cells to 46.90 ± 3.09 pg/10^6^ cells) at 24 h post-treatment (\**p* \< 0.05) but increased in the hypertonic medium (600 mOsmol/L) (from 68.37 ± 6.87 pg/10^6^ cells to 97.01 ± 2.84 pg/10^6^ cells) (\*\**p* \< 0.01) (Fig. [6](#Fig6){ref-type="fig"}) compared with cells pre-treatment. No significant differences were observed in the intracellular dopamine level (\[DA\]~i~) when compared with cells pre-treatment.Fig. 6Effect of salinity stress on dopamine transport in vitro. \[DA\]~o~ represents the extracellular DA concentration, and \[DA\]~i~ represents the intracellular DA concentration. \**p* \< 0.05; \*\**p* \< 0.01

NKA expression and activity {#Sec19}
---------------------------

Immunofluorescence staining was conducted to determine the localization of NKAα1 in the SW-acclimated *S. argus* kidney. Renal sections were double-stained with primary antibody against NKAα1 (green, Fig. [7](#Fig7){ref-type="fig"}a-b) and DAPI (blue, Fig. [7](#Fig7){ref-type="fig"}a-a and Fig. [7](#Fig7){ref-type="fig"}a-d). Negative control incubated with normal rabbit serum was showed in Fig. [7](#Fig7){ref-type="fig"}a-e. The results showed NKAα1 was widely expressed in renal tubules.Fig. 7Changes in NKAα1 expression and NKA activity in *S. argus* kidneys during salinity tolerance experiments. **a** Immunolocalization of NKAα1 in *S. argus* kidney. NKAα1 was visualized using a primary antibody against NKAα1 (green, b), and nuclei were identified by staining with DAPI (blue, a and d). Negative control was incubated with normal rabbit serum (e). Scale bar = 25 μm. **b** NKA activity in kidneys isolated from fish acclimated to different salinities. **c** Expression profile of *nkaα1* from RNA-Seq (pink) and RT-qPCR (blue) analyses of changes in transcript expression following salinity acclimation. *β-actin* served as a reference gene. The results are presented as the mean ± SEM with three replicates. **d** Western blot analysis of NKAα1 and *β-actin* in *S. argus* kidney during salinity stress

Chronic exposure to FW (0‰) slightly altered the mRNA and protein expression of NKAα1 and significantly increased NKA activity (from 8.61 ± 0.20 μmolPi/mgprot/h to 10.84 ± 0.79 μmolPi/mgprot/h) (\*\**p* \< 0.01). In the HW group kidneys, both NKAα1 expression and NKA activity (6.53 ± 0.37 μmolPi/mgprot/h) were significantly inhibited (\*\**p* \< 0.01) (Fig. [7](#Fig7){ref-type="fig"}b, c and d).

Analysis of Na^+^ and K^+^ transport in vitro {#Sec20}
---------------------------------------------

The concentrations of Na^+^ and K^+^ in culture media at different osmotic pressures were determined using ion chromatography. Figure [8](#Fig8){ref-type="fig"} presents the differences between the actual and initial ion concentrations in the culture media: a difference greater than 0 indicates efflux (out of the cell), and a difference less than 0 indicates influx (into the cell). After exposure of renal primary cells to the hypotonic medium, the Na^+^ efflux was almost twice (166.14 ± 4.39 μg/10^6^ cells) that outflowed under isosmotic conditions (86.22 ± 4.23 μg/10^6^ cells). In addition, K^+^ was pumped out of cells (14.46 ± 1.94 μg/10^6^ cells) during chronic hypotonic stress, although an influx of K^+^ was observed under isosmotic conditions (16.17 ± 2.91 μg/10^6^ cells). In contrast, exposure of renal primary cells to hypertonic medium promoted Na^+^ (35.50 ± 1.04 μg/10^6^ cells) and K^+^ (46.59 ± 5.24 μg/10^6^ cells) influx to maintain the homeostasis of kidney cells.Fig. 8Analysis of Na^+^ and K^+^ transport in renal primary cells under different osmotic stress conditions using an ion chromatography system

Discussion {#Sec21}
==========

Salinity adaptation in euryhaline teleosts is a complex process involving physiological responses in several osmoregulatory organs. In fish, the kidney is an important osmoregulatory organ involved in maintaining osmotic homeostasis \[[@CR13], [@CR45]\]. Functional changes are reflected by the differential expression of various genes in the kidney. Most studies on osmoregulation in euryhaline teleosts have not provided comprehensive information on its complex functional mechanisms. For producing a comprehensive reference transcriptome, all raw reads from the groups exposed to three different salinity levels were pooled (more than 1 billion paired-end reads) and assembled in the present study. A high-quality reference transcriptome was generated from the raw reads by applying the Trinity assembler, which is based on a de Bruijn graph algorithm for short-read transcript assembly. In total, 2367 significant DEGs were identified in the kidneys of *S. argus* harvested from the HW and FW groups.

Similar to other vertebrates, the regulation of salinity adaptation in teleosts is dependent on the endocrine system, which mediates many physiological processes to maintain a salt and water balance \[[@CR46], [@CR47]\]. Dopamine, a catecholamine hormone, directly affects the expression and activity of Na^+^ transporters via its specific receptors \[[@CR19]\]. In this study, GO functional annotation analysis revealed a relatively large number of transcripts involved in dopamine receptor-mediated signaling transduction, and KEGG analysis revealed an enriched pathway related to dopamine transport. Interestingly, the transcriptional data from this study indicated no significant changes occurred in the expression of dopamine receptors (log~2~\|fold-change\| \< 1). Thus, the dopamine availability at dopamine receptors and the timing and magnitude of dopamine signaling were dependent on the regulation of extracellular dopamine levels. This finding was consistent with the assumption that chronic salinity tolerance has a considerable influence on dopamine signaling by interfering with its transport, which directly affects the dopamine-mediated regulation of the Na^+^ balance.

ELISA assay results showed the dopamine levels in serum and the kidney tissues of *S. argus* increased significantly during hypersaline tolerance but remained relatively stable under hyposaline conditions (Fig. [5](#Fig5){ref-type="fig"}). In addition to the kidney, non-neuronal dopamine was synthesized and secreted in the pancreas \[[@CR20]\]. The interference of multiple sources of non-neuronal dopamine, could be avoided in in vitro experiments, and the concentrations of extracellular and intracellular dopamine were determined in the present study. A significant increase (*p* \< 0.01) of extracellular dopamine was observed after the exposure to hyperosmotic medium, but its concentration decreased significantly (*p* \< 0.05) in hypoosmotic medium. These results indicated changes of osmotic pressure in the culture medium greatly influenced extracellular dopamine levels. To avoid cytotoxicity, intracellular dopamine levels remained relatively stable regardless of whether cells were exposed to hypoosmotic or hyperosmotic stress. Apart from regulating the expression and activity of Na^+^ channels via dopamine receptors, dopamine can also promote natriuresis via increasing renal blood flow and the glomerular filtration rate in vivo \[[@CR48]\]. This shed light on the phenomenon that dopamine remained stable in vivo but decreased significantly in vitro under hypoosmotic stress in this study.

Two major regulators of extracellular dopamine are vesicular traffic-mediated release and DAT-mediated reuptake \[[@CR49]\]. The primary mechanism for the clearance of extracellular dopamine is reuptake mediated by DATs, which is governed by the number of functional DATs in the membrane \[[@CR50]\]. This study indicated chronic hypersaline stress induced the reduction of DAT-mediated dopamine clearance by inhibiting DAT expression. Previous studies have shown that reduction of dopamine influx by DATs can increase extracellular dopamine, and thus inhibits the release of intracellular dopamine \[[@CR51], [@CR52]\].

In the present study, the expression levels of vesicular traffic-mediated dopamine release-related genes (*pink1*, *lrrk2*, *ace* and *apn*) were significantly reduced (*p*-value \< 0.001 and log~2~\|fold-change\| ≥ 1). LRRK2 is a member of the leucine-rich repeat kinase family. Notably, mutations in *lrrk2* are the most common genetic cause of Parkinson's disease, a disease in which imbalanced synaptic transmission has been implicated as a causal factor \[[@CR53]--[@CR57]\]. Previous studies have shown LRRK2 regulates synaptic vesicle storage and overexpression of *lrrk2* increases striatal dopamine release \[[@CR56], [@CR58], [@CR59]\]. The results of this study revealed the expression level of *lrrk2* was decreased by hypersaline stress. In addition, *pink1*, which is intimately involved with mitochondrial quality control by identifying damaged mitochondria and targeting specific mitochondria for degradation, was inhibited under the hypersaline condition. Mitochondria play a crucial role in synaptic function, consistent with the high energy demand of synaptic terminals, by restoring ionic gradients following synaptic transmission and reloading synaptic vesicles with neurotransmitters \[[@CR60], [@CR61]\]. PINK1 deficiency affects synaptic function because the reserve pool of synaptic vesicles is not mobilized during rapid stimulation, which results in a decrease in dopamine efflux \[[@CR62], [@CR63]\]. In addition to LRRK2 and PINK1, the renin-angiotensin system (RAS) participates in dopamine efflux mediated by vesicular transport and was initially considered a circulating humoral system that regulated blood pressure and Na^+^/water homeostasis \[[@CR64]\]. As an essential enzyme in the RAS system, ACE catalyzes the conversion of angiotensin I (Ang I) to Ang II, which is hypothesized to induce dopaminergic cell death \[[@CR64], [@CR65]\]. The contribution of RAS hyperactivation to dopaminergic degeneration can be inhibited by ACE inhibitors \[[@CR64]\]. Accordingly, ACE could possess peptidase activity associated with the stimulation of dopamine release \[[@CR66], [@CR67]\]. Notably, Ang II must be metabolized to Ang III to increase natriuresis \[[@CR68]\]. The inhibition of aminopeptidase N (APN), which is involved in the conversion of locally administered Ang III to Ang IV, causes a dose-dependent decrease in extracellular dopamine abundance \[[@CR69]\]. Thus, dopamine release was reduced during hypersaline stress because the expression of several genes (*pink1*, *lrrk2*, *ace* and *apn*) associated with vesicular traffic-mediated dopamine release was inhibited.

In addition to vesicular transport, phosphorylated DATs perform the opposite function to that of DATs. An amino acid sequence analysis of DATs revealed the presence of several consensus sites for protein kinase phosphorylation via protein kinase C (PKC) and calcium/calmodulin-dependent protein kinase \[[@CR51], [@CR70]\]. Previous studies indicated surface DAT phosphorylation is increased in the presence of PKC and CaMKII activity, causing the release of intracellular dopamine and stimulation of dopamine signaling \[[@CR71]\]. In the present study, decreased *CaMKIIα* and *pkcβ* expression could have produced negative effects on dopamine release mediated by phosphorylated DATs during high-salinity tolerance experiments.

Cell-surface DAT levels are sensitive to changes in the cell membrane potential, which can rapidly drive DAT internalization, which can alter the capacity of DATs to increase extracellular dopamine levels. Known also as protein kinase B, AKT participates in multiple cellular processes and plays an essential role in the homeostatic regulation of DAT activity in mammals \[[@CR50]\]. The inhibition of AKT decreases dopamine reuptake capacity and leads to the redistribution of DATs away from the plasma membrane, which decreases dopamine clearance efficiency and provides an additional mechanism by which this DAT substrate increases the extracellular dopamine concentration \[[@CR72]\]. In FW fish, the renal *akt1* gene, a member of the AKT subfamily of genes, was significantly up-regulated. This finding suggested hypo-salinity acclimation may promote extracellular dopamine clearance by increasing DAT activity and inhibiting DAT internalization by AKT1. In addition, an increase in the mRNA expression of *ace*-induced dopamine release was observed in FW fish. This phenomenon may be a compensatory mechanism for the increase in extracellular dopamine clearance by DATs.

The physiological functions of DAT in dopamine removal are coupled with the translocation of 2 Na^+^ ions and 1 Cl^−^ ion \[[@CR49]\]. Therefore, fluctuations in environmental salinity can directly affect extracellular dopamine clearance by affecting the binding of dopamine to DATs. Furthermore, extracellular and intracellular Na^+^ ions are major determinants of renal dopamine transport \[[@CR48]\]. DATs participate in dopamine reuptake using energy provided by the Na^+^ gradient, which is generated by NKA. NKA consists of α-catalytic and β-glycoprotein subunits and plays a crucial role in maintaining osmotic homeostasis \[[@CR73], [@CR74]\]. Blocking NKA or promoting a decrease in the external Na^+^ concentration dramatically impairs or completely suppresses DAT-mediated extracellular dopamine clearance \[[@CR75]\]. Herein, *nkaα1* was identified from the renal transcript library of *S. argus*. The α-subunit of NKA is a transmembrane protein that cleaves high-energy phosphate bonds and exchanges intracellular Na^+^ for extracellular K^+^ \[[@CR73]\]. Inhibition of renal NKA in HW fish resulted in a reduced salt efflux in comparison with that of the control group. In addition, the Na^+^ influx enhanced the osmotic pressure of renal cells, which is required for adaptation to hypertonic environmental conditions. The Na^+^ influx resulted in an observed negative effect on DAT-mediated extracellular dopamine reuptake. In contrast, the increase in NKA activity in the FW group was accompanied by an increase in Na^+^ efflux, which induced extracellular dopamine clearance. These results indicated osmosis can be regulated by the renal dopamine system by altering dopamine release/reuptake and maintaining Na^+^ homeostasis during chronic salinity stress.

Conclusions {#Sec22}
===========

In the present study, a renal comparative transcriptomic study of *S. argus* exposed to different environmental salinities was conducted. Differences in transcriptomic levels under hyposaline and hypersaline conditions were revealed. The transcriptomic analyses indicated the renal dopamine system is essential in osmoregulation. The differential expression levels of dopamine release/reuptake-related genes, which ensured appropriate extracellular dopamine abundance, were reflected by changes in kidney function, including Na^+^ transport. The results of this study indicated the efficiency of extracellular dopamine clearance mediated by DAT was higher than that of dopamine release mediated by vesicular transport and phosphorylated DATs. Therefore, the concentration of extracellular dopamine decreased under hyposaline stress, which reduced the inhibition of NKA on the membrane, resulting in Na^+^ efflux. In contrast, increased dopamine levels were accompanied by the inhibition of NKA activity and expression, preventing the loss of Na^+^ (Fig. [9](#Fig9){ref-type="fig"}). In summary, this study showed renal dopamine directly affects Na^+^ homeostasis by interfering with dopamine transport during chronic salinity tolerance and provided new insights into the renal osmoregulation of marine fish.Fig. 9Effects of environmental salinity on dopamine transporter- and vesicular traffic-mediated dopamine release/reuptake and feedback regulation mechanisms of the renal dopamine system for Na^+^ homeostasis during chronic salinity stress
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Additional file 1:**Figure S1.** Length distribution of unigenes. Consensus sequence lengths ranged from 250 bp to greater than 2000 bp. The number of unigenes for each length range is indicated above each column. Unigenes with an average length of 250 bp were the most abundant (135,879), whereas unigenes with an average length of 1590 bp were the least abundant (2735). Sequences longer than 2000 bp were grouped together. The number of sequences decreased as length increased. (TIF 1027 kb) Additional file 2:**Figure S2.** Characteristics of the homology search for Illumina sequences against the NCBI-NR database. Species distribution is shown as a percentage of the total homologous sequences with an E-value ≤1e-6. All proteins in the NCBI-NR database were used in the homology search. The best sequence hits were selected for analysis. (TIF 87320 kb) Additional file 3:**Figure S3.** GO classification of unigenes. The results for 'biological process (BP)', 'cellular component (CC)' and 'molecular function (MF)' terms were summarized. (TIF 1925 kb) Additional file 4:**Figure S4.** Eukaryotic orthologous group (KOG) classification of the assembled unigenes in *S. argus*. (TIF 22535 kb)
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